Introduction
============

Atherosclerosis (AS) is a chronic multi-factorial vascular disease and an underlying cause of cardiovascular disease, which accounts for 16.7 million deaths each year worldwide ([@b1-mmr-22-04-3095]). AS is a major risk factor for cardiovascular and cerebrovascular diseases ([@b2-mmr-22-04-3095]) and is characterized by lipid accumulation and the formation of fat-laden plaque in vessels ([@b3-mmr-22-04-3095]). Despite advances in treatment, the morbidity and mortality of AS remain at high levels. Therefore, it is urgent to uncover new mechanisms underlying atherogenesis and to find potent therapeutic targets and methods for AS.

The pathogenesis of AS is a complex process, in which the dysfunction of vascular smooth muscle cells (VSMCs) and endothelial cells, as well as the excessive secretion of pro-inflammatory cytokines by macrophages serve important roles ([@b4-mmr-22-04-3095],[@b5-mmr-22-04-3095]). Particularly, VSMCs serve a crucial role in this process owing to their capacities to promote plaque growth in early stages and to contribute to plaque stability in advanced stages ([@b6-mmr-22-04-3095]), which suggested that VSMCs may be an efficient therapeutic target for AS.

Although \~90% of the human genes are transcribed, only 2% of the human genome possesses the ability to encode proteins, the remaining being non-coding genes ([@b7-mmr-22-04-3095],[@b8-mmr-22-04-3095]). Long non-coding (lnc)RNAs are a class of ncRNAs that have been demonstrated to regulate gene expression at transcription and post-transcription levels ([@b9-mmr-22-04-3095]). Accumulated evidence has shown that lncRNAs are involved in a number of pathological processes, including carcinogenesis ([@b10-mmr-22-04-3095]) and chronic diseases such as AS ([@b11-mmr-22-04-3095]--[@b13-mmr-22-04-3095]). lncRNA H19 (H19) is transcribed from the H19/insulin-like growth factor 2 gene cluster that is located in human chromosome 11p15.5 ([@b14-mmr-22-04-3095]). Recently, H19 was reported to be highly expressed in patients with AS and upregulation of H19 promoted the proliferation and repressed the apoptosis of VSMCs and human umbilical vein endothelial cells (HUVECs) ([@b15-mmr-22-04-3095]). However, the detailed mechanisms underlying H19 in AS remains to be elucidated.

p53 is an essential molecule in the regulation of cell growth, apoptosis and cell cycle, and it is thought to be strongly implicated in the pathogenesis of AS ([@b16-mmr-22-04-3095],[@b17-mmr-22-04-3095]). The inactivation of p53 promotes the development of AS ([@b18-mmr-22-04-3095]--[@b20-mmr-22-04-3095]). Wu *et al* ([@b21-mmr-22-04-3095]) demonstrated that long intergenic non-coding RNA-p21 (lincRNA-p21) represses proliferation and promotes apoptosis of VSMCs by increasing p53 expression. However, whether p53 is involved in H19-regulated VMSC proliferation and apoptosis remains unclear. Therefore, the present study aimed to explore the effects of H19/p53 in regulating VMSCs apoptosis and proliferation *in vitro* and *in vivo*, thereby elucidating its role in the pathogenesis of AS.

Materials and methods
=====================

### Ethics approval

Animal experiments were approved by the Committee of Jining First People\'s Hospital (Jining, China) and was performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

### Animal experiments

Male specific pathogen free (SPF) grade apolipoprotein (Apo)E^−/−^ mice (n=25; age, 8 weeks; weight, 20--22 g) were purchased from Genomeditech and were used to establish AS models. Wild-type C57BL/6J mice without ApoE knockdown (n=5; age, 8 weeks; weight, 20--22 g) were used as the control (control group). All mice were raised under SPF conditions in a controlled temperature (23±2°C) and humidity (55--60%) environment under a 12 h light/dark cycle. After 1 week of acclimation, the ApoE^−/−^ mice (n=25) were divided into five groups (n=5 mice/group): i) AS group; ii) AS + short hairpin RNA (sh)-negative control (NC) group; iii) AS + sh-H19 group; iv) AS + sh-NC + simvastatin group; and v) AS + sh-H19 + simvastatin group. To induce AS models, the ApoE^−/−^ mice were given a high-fat diet comprising 21% fat and 0.15% cholesterol on the basis of a chow diet for 8 weeks as in a previous study ([@b22-mmr-22-04-3095]). Following 8 weeks of receiving the high-fat diet, the mice were subsequently fed a standard laboratory diet (10% fat, 15% protein and 75% carbohydrate) for the remaining 10 weeks. Mice in the control group were fed a standard laboratory diet for 18 weeks. Mice in the AS + sh-H19 group were given intraperitoneal injection of 100 µl shRNA targeting mouse H19 (sh-H19) once/week for 10 consecutive weeks after high-fat diet administration, and the lentiviral vector sh-NC was used as a negative control of sh-H19. Additionally, the AS + sh-NC + simvastatin group and the AS + sh-H19 + simvastatin group were given an oral administration of 5 mg/kg of simvastatin (Merck KGaA) every day for 10 weeks following 8 weeks of high-fat diet administration ([@b23-mmr-22-04-3095]), whereas mice in other groups were orally administrated with vehicle (80% Tween).

### Thoracic aorta collection and histopathological analysis

At the end of sh-H19 and simvastatin administration, mice were sacrificed by cervical dislocation and the entire thoracic aortas (from the branches of the abdominal aorta to the aortic arch) were removed and stored in liquid nitrogen for pathological examination or RNA extraction. For histopathological analysis, the aortic arch was fixed with 10% formaldehyde at room temperature for 24 h. Subsequently, samples were dehydrated with different concentrations (80, 95 and 100%) of ethyl alcohol, cleared with xylene, embedded in paraffin and sectioned (5 µm). Sections were stained with 100% hematoxylin (Beyotime Institute of Biotechnology) for 3 min and 0.5% eosin (Beyotime Institute of Biotechnology) for 30 sec at room temperature. The staining was visualized using an inverted light microscope at a magnification of ×100.

### Immunohistochemical staining

Tissue sections were deparaffinized and rehydrated with xylene and ethanol, as aforementioned. Subsequently, the antigen was retrieved using citrate antigen retrieval solution (Beyotime Institute of Biotechnology) and blocked with 5% goat serum (AmyJet Scientific, Inc.) diluted in TBS + 0.5% Tween 20 (TBST), the sections were probed with the primary antibody against cleaved caspase3 (c-caspase3; 1:100; cat. no. 9661; Cell Signaling Technology, Inc.) at 4°C overnight. Following the primary antibody incubation, sections were incubated with a horseradish peroxidase-conjugated secondary antibody (1:500; cat. no. 18653; Cell Signaling Technology, Inc.) at room temperature for 1 h, followed by incubation with the chromogen 3,30-diaminobenzidine tetrachloride (R&D Systems, Inc.) for 2--3 sec at room temperature. Cell nuclei were stained with 1% Harris hematoxylin solution for 30 sec at room temperature. The staining of c-caspase3 was evaluated by two pathologists on the basis of the positive staining proportion and the staining intensity ([@b24-mmr-22-04-3095]). The positive staining percentage was scored as 0 for ≤5%, 1 for 6--25%, 2 for 26--50%, 3 for 51--75% and 4 for ≥75%, respectively. Intensity was marked as follows: 0, no staining; 1 weak staining; 2, moderate staining; and 3, strong staining. The final score was obtained by multiplying the percentage score and intensity score.

### Cell culture and simvastatin treatment

Human VSMCs (ATCC CRL-1999) were obtained from the American Type Culture Collection. VSMCs were cultured in DMEM (HyClone; GE Healthcare Life Sciences), supplemented with 1% penicillin (100 U/ml)/streptomycin (100 mg/ml) (Beyotime Institute of Biotechnology) and 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and maintained in a 37°C constant humidified incubator with 5% CO~2~.

For simvastatin treatment, a total of 5×10^5^ VSMCs/ml were incubated with 2 µM simvastatin (Xingqiong Co., Ltd.) for 24 h following transduction for 24 h with the lentiviral vectors. H19 and p53 expression levels were reduced by transfecting cells with 2 mg shRNAs (lentiviral vectors) targeting H19 (sh-H19) and p53 (sh-p53), respectively, and control cells were transduced with 2 µg negative control vector (sh-NC); all shRNAs were purchased from Shanghai GenePharma Co., Ltd. VSMCs were transduced with sh-p53, sh-H19 or sh-NC in a pGLVH1/GFP+ Puro lentiviral vector (Shanghai GenePharma Co., Ltd.) using Polybrene (4 µg/ml; Merck KGaA).

### Reverse transcription-quantitative PCR (RT-qPCR)

The expression levels of H19/p53 in mouse aorta and VSMCs were tested by RT-qPCR; expression levels were normalized to GAPDH. Briefly, total RNA was acquired from cells (1×10^6^ cells/sample) and aorta tissues (100 g/sample) by using TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. Subsequently, 1 µg of the total RNA was reversed transcribed using a cDNA Synthesis Kit (CoWin Biosciences), according to the manufacturers\' protocol. qPCR was performed using the SYBR^®^ Green PCR Master mix (CoWin Biosciences), according to the manufacturer\'s protocol using the following primers: H19, forward 5′-ATCGGTGCCTCAGCGTTCGG-3′, reverse 5′-CTGTCCTCGCCGTCACACCG-3′; p53, forward 5′-CCTGGATTGGCCAGACTGC-3′, reverse 5′-TTTTCAGGAAGTAGTTTCCATAGGT-3′; GAPDH, forward 5′-CACTAGGCGCTCACTGTTCTCT-3′, reverse 5′-CGTTCTCAGCCTTGACGGT-3′. The following thermocycling conditions for the qPCR were used: Initial denaturation for 3 min at 95°C; followed by 35 cycles of denaturation at 95°C for 10 sec and annealing/extension at 55°C for 30. Expression levels were quantified using the 2^−∆∆Cq^ method ([@b25-mmr-22-04-3095]) and normalized to GAPDH.

### Western blot analysis

VMSCs were collected and lysed with RIPA lysis buffer (cat. no. R0010; Beijing Solarbio Science & Technology Co., Ltd.) containing protease inhibitor. After being centrifuged at 20,000 × g for 30 min at 4°C and quantified with a BCA kit (Thermo Fisher Scientific, Inc.), 30 µg protein from each sample was separated by 10% SDS-PAGE and transferred onto PVDF membranes (EMD Millipore). The membranes were blocked with 5% nonfat milk diluted in TBST at room temperature for 1 h and then incubated with anti-p53 (1:1,000; cat. no. 9282; Cell Signaling Technology, Inc.), anti-bcl-2 (1:1,000; cat. no. 3498; Cell Signaling Technology, Inc.), anti-p53 upregulated modulator of apoptosis (PUMA; 1:1,000; cat no. 4976; Cell Signaling Technology, Inc.), anti-c-caspase3 (1:2,000; cat. no. 9661; Cell Signaling Technology, Inc.) and anti-GAPDH monoclonal antibody (1:5,000; cat. no. 5174; Cell Signaling Technology, Inc.) at 4°C overnight. After washing with TBST three times, the membranes were probed with the horseradish peroxidase-conjugated goat anti-mouse and goat anti-rabbit secondary antibodies (1:10,000; cat. nos. SA00001-1 and SA00001-2, respectively; ProteinTech Group, Inc.) for 1 h at room temperature and visualized with ECL detection reagents (EMD Millipore). Protein expression was quantified using ImageJ version 1.48 software (National Institutes of Health). GAPDH was used as a loading control to normalize the data.

### Co-immunoprecipitation analysis of the interaction of p53 and Bax proteins

VSMCs transfected with sh-H19 or sh-NC were collected and rinsed with cold PBS and then lysed in IP Lysis Buffer (Thermo Fisher Scientific, Inc.), followed by centrifugation at 20,000 × g for 30 min at 4°C. Next, total protein was quantified using a BCA assay and the lysate containing 200 µg protein were incubated with Dynabeads^®^ protein G for 1 h and incubated with 2 µg anti-p53 (cat. no. 9282; Cell Signaling Technology, Inc.) or anti-Bax (cat. no. ab216494; Abcam) antibodies overnight at 4°C, followed by incubation with Dynabeads^®^ protein G for another 1 h. The whole cell lysate was incubated overnight at 4°C with 2 µg anti-rabbit IgG antibody (cat. no. 3900; Cell Signaling Technology, Inc.) as the negative control for the anti-p53 antibody or 2 µg anti-mouse IgG antibody (cat. no. ab6709; Abcam) as the negative control for the anti-Bax antibody. The immunocomplex were washed with IP Lysis Buffer and analyzed by the aforementioned western blot procedure using anti-Bax (1:1,000; cat. no. 2774; Cell Signaling Technology, Inc.) or anti-p53 (1:1,000; cat. no. 2524; Cell Signaling Technology, Inc.) antibodies.

### Cell proliferation detection

Cell proliferation was measured by Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc.) according to the manufacturer\'s protocol. Briefly, 100 µl cell suspension containing 2×10^3^ cells was placed into a 96-well plate and incubated at 37°C overnight. Then, the cells were transfected with sh-NC, sh-H19, sh-p53 or sh-H19 + sh-p53 for 1, 2, 3, 4 or 5 days, with the medium changed every day. At each time point, 10 µl CCK-8 solution was added to the wells and the absorbance at 450 nm was detected using a spectrophotometer (Shjingmi Co., Ltd.).

### Cell apoptosis

Cell apoptosis was assessed by using Annexin V-FITC/PI Double-Staining kit (YESEN Co., Ltd; <http://www.yeasen.com>), according to the manufacturer\'s protocol. After staining, cells were analyzed using a BD FACSCalibur flow cytometer (BD Biosciences) at 488 nm excitation and 630 nm emission to determine apoptotic rates with FlowJo version 10 software (FlowJo LLC).

### Statistical analysis

Data from three independent experiments are presented as the mean ± SD. Comparisons were made using Student\'s t-test or with one-way ANOVA followed by Tukey\'s test if \>2 groups using SPSS 17.0 software (SPSS, Inc.). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### H19 is highly expressed in AS model mice and H19 downregulation promotes VSMC apoptosis

To further explore the effect of H19 in the pathogenesis of AS, the expression levels of H19 in the mouse AS model were assessed. The average mouse body weights following 8 weeks of high-fat diet were clearly increased in the AS model group compared with the control group ([Fig. 1A](#f1-mmr-22-04-3095){ref-type="fig"}). In addition, compared with the control group, plaque formation was visible in the aortic roots of mice in the AS group and demonstrated significantly increased lesion sizes ([Fig. 1B](#f1-mmr-22-04-3095){ref-type="fig"}), which indicated that the AS model had been constructed successfully. H19 expression patterns in mouse aorta tissues from the control and the AS group were compared using RT-qPCR. The results demonstrated that H19 expression levels were significantly higher in AS group mice compared with the control group ([Fig. 1C](#f1-mmr-22-04-3095){ref-type="fig"}).

The effects of H19 on the proliferation and apoptosis of VSMCs were investigated through loss-of-function experiments. The mRNA level of H19 was reduced by approximately 80% after VSMCs were infected with sh-H19 ([Fig. 1D](#f1-mmr-22-04-3095){ref-type="fig"}). Silencing of H19 significantly inhibited the viability ([Fig. 1E](#f1-mmr-22-04-3095){ref-type="fig"}) and promoted the apoptosis of VSMCs ([Fig. 1F and G](#f1-mmr-22-04-3095){ref-type="fig"}). These results suggested that H19 may serve an important role in the regulation of VSMC growth.

### Downregulation of H19 induces the apoptosis of VSMCs through enhancing p53 expression

The role of p53 in H19 downregulation-induced VMSC apoptosis promotion was next investigated. The expression of p53 was significantly increased when H19 expression was reduced in VSMCs at both mRNA and protein levels ([Fig. 2A and B](#f2-mmr-22-04-3095){ref-type="fig"}), which was evidently rescued when p53 expression was silenced ([Fig. 2C and D](#f2-mmr-22-04-3095){ref-type="fig"}). p53 downregulation also impaired sh-H19 roles in inhibiting VSMC viability ([Fig. 2E](#f2-mmr-22-04-3095){ref-type="fig"}) and promoting VSMC apoptosis ([Fig. 2F and G](#f2-mmr-22-04-3095){ref-type="fig"}).

Downregulation of H19 in VSMCs enhanced the interaction between p53 protein and Bax protein ([Fig. 3A](#f3-mmr-22-04-3095){ref-type="fig"}). In addition, the expression levels of PUMA and c-caspase3 were increased, whereas Bcl-2 expression was reduced in the sh-H19 group compared with the sh-NC group, and this effect was neutralized when p53 was also downregulated in VSMCs ([Fig. 3B and C](#f3-mmr-22-04-3095){ref-type="fig"}). Together, these findings indicated that H19 downregulation promoted VSMC apoptosis in a p53-dependent manner.

### Knockdown of H19 represses plaque formation in ApoE^−/−^ mice

Next, the effects of H19 downregulation in the pathogenesis of AS in ApoE^−/−^ mice was explored. Compared with the AS group, the lesion size in the aortic root was significantly reduced in AS + sh-H19 group ([Fig. 4A](#f4-mmr-22-04-3095){ref-type="fig"}). The downregulation of H19 in the AS + sh-H19 group significantly increased the expression of c-caspase3, an apoptotic marker in atherosclerotic plaque tissues, compared with the AS + sh-NC group ([Fig. 4B](#f4-mmr-22-04-3095){ref-type="fig"}). These findings suggested that knockdown of H19 could alleviate high-fat diet-induced plaque formation in ApoE^−/−^ mice.

### Knockdown of H19 enhances the role of simvastatin in alleviating AS

Finally, the effects of H19 downregulation on the progression of AS under simvastatin administration was explored *in vivo*. Compared with the sh-NC group, VSMC apoptosis was significantly increased in both the sh-H19 and sh-NC + simvastatin groups ([Fig. 5A and B](#f5-mmr-22-04-3095){ref-type="fig"}). In addition, the apoptotic rate of VSMCs in the sh-H19 + simvastatin group was significantly higher compared with the sh-NC + simvastatin group ([Fig. 5A and B](#f5-mmr-22-04-3095){ref-type="fig"}). Similarly, the *in vivo* experiments demonstrated that simvastatin treatment significantly reduced the lesion size in the aortic root in the AS + sh-NC + simvastatin group compared with the AS group, and this effect was significantly enhanced when H19 was downregulated in the AS + sh-H19 + simvastatin group ([Fig. 5C](#f5-mmr-22-04-3095){ref-type="fig"}). In addition, c-caspase3 expression was increased in mice atherosclerotic plaque tissues in the AS + simvastatin + sh-H19 group compared with the AS + simvastatin group ([Fig. 5D and E](#f5-mmr-22-04-3095){ref-type="fig"}), as well as increased expression levels of Bax/Bcl-2 and PUMA ([Fig. 5E](#f5-mmr-22-04-3095){ref-type="fig"}). These results indicated that H19 downregulation may cooperate with simvastatin to promote VSMCs apoptosis, thereby alleviating AS.

Discussion
==========

AS is a clinical symptom that can induce narrowing inside the artery interior due to plaque accumulation. Several risk factors, including excessive drinking, unbalanced diet, smoking and obesity, may facilitate the progression of AS ([@b2-mmr-22-04-3095]). The dysfunction of VSMCs serves a vital role in the formation and eventual rupture of atherosclerotic plaques due to their hyperproliferative properties ([@b26-mmr-22-04-3095]). The excessive proliferation of VSMCs can trigger plaque formation, which accounts for an important step in the initiation of AS, indicating that effective control of VSMC proliferation may be a promising method for AS prevention and treatment ([@b27-mmr-22-04-3095]). However, VSMC apoptosis in advanced plaques increase plaque vulnerability, stenosis and medial degeneration ([@b28-mmr-22-04-3095],[@b29-mmr-22-04-3095]). Collectively, these findings indicate that VSMC apoptosis and proliferation serve dual roles in the pathogenesis of AS. The present study demonstrated that knockdown of lncRNA H19 could inhibit plaque formation through inducing the apoptosis and repressing the proliferation of VSMCs partly in a p53-dependent way, indicating a protective role of H19 downregulation in AS.

Recently, studies have reported that lncRNAs are strongly implicated in the pathogenesis of AS. For instance, Chen *et al* ([@b30-mmr-22-04-3095]) found that tanshinol administration could reduce the aortic atherosclerotic lesion area by downregulating lncRNA TUG1. Yao *et al* ([@b31-mmr-22-04-3095]) demonstrated that lncRNA ENST00113 significantly promotes the proliferation and migration of VSMCs and HUVECs. lncRNA H19 was confirmed to be overexpressed in patients with AS, and H19 overexpression significantly promoted the proliferation and repressed the apoptosis of HUVECs and VSMCs *in vitro* ([@b15-mmr-22-04-3095]). Consistently, the present study clarified that H19 was highly expressed in AS mice, and H19 knockdown significantly inhibited the progression of AS by inducing the apoptosis of VSMCs.

p53 serves an important role in the pathogenesis of AS. For example, Guevara *et al* ([@b16-mmr-22-04-3095]) reported that deficiency of p53 in ApoE^−/−^ mice accelerated the formation of aortic plaque and increased cell proliferation in the atherosclerotic lesions. van Vlijmen *et al* ([@b18-mmr-22-04-3095]) demonstrated that p53 expression was increased in human atherosclerotic plaques, such as VSMCs and macrophages, and depletion of it in macrophages can accelerate AS progression in ApoE^−/−^ mice. Wassmann *et al* ([@b32-mmr-22-04-3095]) reported that upregulation of p53 induced by Krüppel-like factors (such as Krüppel-like Factor 4) can significantly promote VSMCs apoptosis. These data demonstrated that the downregulation of p53 may promote the progression of AS through repressing VSMC apoptosis. The present study demonstrated that knockdown of H19 could increase p53 expression and increase its interaction with Bax, an apoptotic marker. In addition, it was observed that the increase in cell apoptosis caused by H19 downregulation was rescued when p53 was downregulated in VSMCs, which suggested that H19 may promote the apoptosis of VSMCs partly in a p53-dependent manner. This result was congruent to a previous study by Wu *et al* ([@b21-mmr-22-04-3095]), which demonstrated that upregulation of p53 induces an increase in VSMC apoptosis.

Simvastatin, a cholesterol-lowering drug, is widely used as an atheroprotective drug mainly due to its inhibitory role in cholesterol syntheses ([@b33-mmr-22-04-3095],[@b34-mmr-22-04-3095]). Increasing evidence has demonstrated that simvastatin stimulation can inhibit the proliferation of VSMCs ([@b35-mmr-22-04-3095],[@b36-mmr-22-04-3095]). Notably, Chan *et al* ([@b36-mmr-22-04-3095]) found that p53 upregulation is strongly implicated in simvastatin-mediated VSMC growth repression. Based on this, the present study used simvastatin as a drug for AS treatment *in vivo* and *in vitro* to further reveal the roles of H19 in AS progression. The results demonstrated that knockdown of H19 enhanced the role of simvastatin in promoting VSMC apoptosis and increasing c-caspase3 expression in atherosclerotic plaque tissues. In conclusion, the present study identified that the knockdown of lncRNA H19 may inhibit AS progression by inducing VSMC apoptosis in a p53-dependent manner.
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![H19 is overexpressed in mouse AS models and downregulation of H19 inhibits proliferation and induces apoptosis of VSMCs. (A) Average body weight of mice in the control and AS groups. (B) Hematoxylin and eosin staining of the lesions in aortic roots of mice in the control and AS groups and the quantification of lesion size. Yellow arrow indicates atherosclerotic lesions. Magnification, ×200. (C) RT-qPCR analysis of the mRNA expression levels of H19 in the aortic roots of mice in the control and AS groups. (D) RT-qPCR was used to test the knockdown efficiency of sh-H19 in VSMCs. (E) Cell viability was detected by Cell Counting Kit-8 assay after VSMCs were infected with sh-NC or sh-H19. (F and G) Cell apoptosis was measured by flow cytometry after VSMCs were infected with sh-NC or sh-H19. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001 vs. Control or sh-NC. AS, atherosclerosis; NC, negative control; RT-qPCR, reverse transcription-qPCR; sh, short hairpin RNA; VSMCs, vascular smooth muscle cells.](MMR-22-04-3095-g00){#f1-mmr-22-04-3095}

![H19 downregulation promotes cell apoptosis through upregulating p53 expression in VSMCs. (A) mRNA and (B) protein expression levels of p53 were assessed by RT-qPCR and western blotting, respectively. (C) p53 mRNA expression levels after VSMCs were infected with sh-NC or sh-p53. (D) p53 protein expression of p53 was detected after VSMCs were infected with sh-NC, sh-H19, sh-53 or sh-H19 + sh-p53. (E) Cell proliferation was detected by Cell Counting Kit-8 assay after VSMCs were infected with sh-NC, sh-H19, sh-p53 and sh-H19 + sh-p53. (F and G) Cell apoptosis was measured by flow cytometry after VSMCs were infected with sh-NC, sh-H19, sh-p53 and sh-H19 + sh-p53. \*P\<0.05 and \*\*P\<0.01 vs. sh-NC; ^\#^P\<0.05 vs. sh-H19. NC, negative control; RT-qPCR, reverse transcription-qPCR; sh, short hairpin RNA; VSMCs, vascular smooth muscle cells.](MMR-22-04-3095-g01){#f2-mmr-22-04-3095}

![Effects of H19 knockdown on the expression of apoptosis-related proteins. (A) Co-IP assay was performed to evaluate the crosstalk between p53 and Bax proteins after VSMCs were infected with sh-NC or sh-H19. (B and C) The effects of H19/p53 on the expression levels of Bcl-2, PUMA and c-caspase3 were determined by western blotting. \*\*P\<0.01 vs. sh-NC; ^\#^P\<0.05 vs. sh-H19. c-, cleaved; IP, immunoprecipitation; NC, negative control; PUMA, p53 upregulated modulator of apoptosis; sh, short hairpin RNA; VSMCs, vascular smooth muscle cells.](MMR-22-04-3095-g02){#f3-mmr-22-04-3095}

![Knockdown of H19 alleviates AS *in vivo*. (A) Hematoxylin and eosin staining analysis of the lesions in mice aortic roots from different groups. Arrows indicate the atherosclerotic lesions. Magnification, ×200. (B) C-caspase3 expression in atherosclerotic plaque tissues of mice from control, AS + sh-NC or AS + sh-H19 group was analyzed by IHC. Magnification, ×100. \*P\<0.05 and \*\*\*P\<0.001 vs. Control; ^\#\#\#^P\<0.001 vs. AS + sh-NC. AS, atherosclerosis; c-, cleaved; IHC, immunohistochemistry; NC, negative control; sh, short hairpin RNA.](MMR-22-04-3095-g03){#f4-mmr-22-04-3095}

![H19 downregulation cooperates with simvastatin to alleviate AS. (A and B) Apoptosis was detected with flow cytometry after VSMCs were infected with sh-NC, sh-H19, sh-NC + simvastatin or sh-H19 + simvastatin. \*\*P\<0.01, \*\*\*P\<0.001 vs. sh-NC; ^+^P\<0.05 vs. sh-NC + simvastatin. (C) Hematoxylin and eosin staining analysis of the lesions in mice aortic roots from different groups. Arrows indicate the atherosclerotic lesions. Magnification, ×200. (D) C-caspase3 expression levels in the atherosclerotic plaque tissues from mice in control, AS + sh-NC, AS + sh-NC + simvastatin or AS + sh-H19 + simvastatin groups were analyzed by IHC. Magnification, ×100. (E) Western blot analysis of the expression levels of Bcl2, PUMA, c-caspase3 and Bax in atherosclerotic plaque tissues of mice from control, AS, AS + simvastatin or AS + simvastatin + sh-H19 groups. \*P\<0.05 and \*\*P\<0.01, \*\*\*P\<0.001 vs. Control; ^\#^P\<0.05 and ^\#\#\#^P\<0.001 vs. AS; ^+^P\<0.05 vs. AS + sh-NC + simvastatin. AS, atherosclerosis; c-, cleaved; IHC, immunohistochemistry; NC, negative control; sh, short hairpin RNA; PUMA, p53 upregulated modulator of apoptosis; VSMCs, vascular smooth muscle cells.](MMR-22-04-3095-g04){#f5-mmr-22-04-3095}
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